In recent biological and chemical analyses, microchips have attracted attention because of advantages such as high efficiency, small heat capacity, and high-speed reaction. Biochemical reagents and samples flow into the chips with the wall surface biologically or chemically modified. The mechanisms of the complex flow are not well-known. In this paper, the mechanisms are investigated using pressure drop measurements of the flow of BSA-(bovine serum albumin, protein generally used in analytical fields) dispersed solutions in microtubes with three kinds of surfaces: glass, PEEK (polyetheretherketone) and Hirec-X1 (a highly waterrepellent agent, NTT-AT Co.), which have different properties. In the cases in which BSA solution flows on the Hirec-X1 and on the PEEK surface, results show reductions in the friction factor. On the other hand, in the case in which non BSA solution flow on any surface, results agree well with the Hagen-Poiseuille equation. Furthermore, reduction ratio in the friction factor depends on the concentration of BSA. These results imply that the interaction between the wall and the bio-molecules influences the behavior of the flow in microtubes.
Drag Reduction Effect of BSA Monodispersed Solution in Microtube Flow

Introduction
Over the past two decades microbiochemical chips, often referred to as micro total analysis system (µTAS) or Lab-on-a-Chip (LOC), have attracted a considerable amount of attention in the fields of chemical and biological analysis, medicine, pharmacy, and fuel cells, because the miniaturization of reaction systems results in shorter reaction times, reduces the required amount of sample and reagent, and improves the controllability of the reaction temperature (1) , (2) . Samples and reagents flow inside the microchannel of the chip. Surface effects are relatively large in such flows, since the characteristic dimensions of the channels are typically tens to hundreds of micrometers. In addition, the wall of the channel is usually coated with biological or chemical substances, and flows in the chips contain cells, proteins, DNA, or other biological substances (3) . A typical flow is blood flow, which has been conventionally studied in the field of rheology. In 1836, Poiseuille found that the red blood cells did not exist near the wall in the blood capillary. The cell free layer near the wall results from the motion of the cell in the vicinity of the wall toward the axis of the flow (4) . It is accepted that blood cells are moved by shear lift. This movement of the particles is generally referred to as axial accumulation (5) . The origin of the lift is still unknown, but it has been considered to be a hydrodynamic interaction between the cells and the wall, and has also been considered to be a chemical interaction between the red blood cells and the vascular endothelial cells on the wall (6) , (7) . This axial accumulation results in lower viscosity near the wall with a decrease in cell concentration and leads to a reduction in flow friction (4) , (6) . The reduction in flow friction was also observed in solutions containing colloidal polymer particles. It has been reported that the polymer particles aggregate away from both the wall and the flow axis (8) , (9) . This phenomenon is referred to as the "tubular pinch effect" or "Segre and Silberberg effect." It has been suggested that the cause of the tubular pinch effect is wall repulsion due to lubrication force, inertial lift related to shear slip, or lift due to particle rotation (10) . Cao and Werely (11) inves-tigated the tubular pinch effect in the fundamental experiments on tube flow in which fluorescent microparticles were dispersed. Furthermore, using the Peclet number (12) , they explained the dominant factors between uniform distribution of the particles due to Brownian motion and particles aggregation due to shear gradient. They also showed that particle aggregation emerges at a Peclet number of about 1 000.
Surface effects have been investigated hydrodynamically as boundary effects based on empirical rules. Recently, it has been reported that the no-slip boundary is not applicable to some flow conditions. For Newtonian fluid flow, the fluid flow below characteristic dimensions of hundreds of micrometers at a solvophobic wall can exhibit a slip boundary condition. Shnell (13) evaluated slip generation for water flow at a hydrophobic wall by measuring the pressure drop and comparing it with the theoretical value. Chreav et al. (14) investigated water flow in hydrophobic-coated silica capillaries with 7.2 -0.88 µm in diameter using the same method as Shnell (13) . They obtained a 10% increase in volumetric flow rate and concluded that it resulted from the slip. Ruckenstein and Rajora (15) investigated the physical principle of the slip by discussing the degree of slip velocity. They concluded that the slip does not occur directly over the solid surface but over a gap and inferred this resulted from entrained and/or soluble gas. Furthermore, direct observation of flow slip has also been examined. Watanabe et al. (16) observed flow slip by measuring the flow velocity field. They concluded that the existence of gas in the fine wall grooves plays an important role in flow slip. Tretheway and Meinhart (17) observed flow slip by micro particle imaging velocimetry (µPIV), which is a method of visualizing microflow and measuring its velocity using tracer particles. They measured flow velocity 450 nm away from the wall for a 30 µm × 300 µm microchannel flow with a hydrophilic or hydrophobic wall. For flow on a hydrophobic wall, they obtained an apparent slip length of 0.92 µm. From the result and height of bubbles attached to the hydrophobic surface, they assumed that the cause of flow slip was nanobubbles attached on the wall surface.
It is difficult to predict the behavior of the microflow inside biochemical analysis chips such as µTAS. These flows (1) are small characteristic scale, (2) include small particles such as biological substances, and (3) occur on a biologically coated wall surface; therefore, surface effects such as axial accumulation, tubular pinch effects, and wall slip can emerge. For microchannel flow, it is difficult to observe the flow directly, and an evaluation procedure for near-wall phenomena in microchannel flow has not been established.
As mentioned, surface properties can influence the flow inside microchips for biochemical analysis. In this study, we aim to evaluate the influence of the wall properties on the pressure drop experimentally, when solutions containing biological substances flow in the microtube. 
Methods and Apparatus for Pressure Drop Measurement
To examine the effects of various surface parameters (such as contact angle, surface groups, and roughness) on the flow resistance of a fluid containing biomolecules, three tubes with surfaces of PEEK (polyetheretherketone), Hirec-X1 (hydrophobic coating, NTT-AT Co., Ltd.), and silica were prepared for pressure drop measurements. For PEEK and silica surfaces, commercial tubes (Upchurch Scientific Co.) were employed. For the Hirec-X1 surface, Hirec-X1 was coated on the inside of the silica tube. Images and properties are shown in Fig. 1 and Table 1 , respectively. Flat surfaces were used to capture the images from atomic force microscopy (AFM) (18) shown in Fig. 1 . The surface roughness (Ra) was measured by processing the images in Fig. 1 . The contact angle of the surface was measured by capturing the image of a water droplet (1 mL in volume) on the surface. PEEK is generally used in the field of analytical chemistry because it is inert to chemical and biological reagents. Hirec-X1 consists mainly of silicone resin. The high surface roughness of Hirec-X1 results from the desorption of nanospheres, which are originally contained in the Hirec-X1 solvent during drying of the coating: this leads to high water-repellency.
For the biomolecule, bovine serum albumin (BSA) was used. BSA is the main protein in bovine blood plasma and is generally used in analytical fields. The characteristic length of BSA is about 10 nm and the molecular weight is about 67 500. The fluids employed were phosphate buffered saline (PBS) and BSA solution, in which BSA was dissolved in PBS at concentrations of 9 g/L and 18 g/L. All fluids were adjusted to a pH of 7.0. shows the apparatus for measuring the pressure drop of the flow inside a microtube and the dimensions of the test tubes. The tubes were cut using a tube cutter (Upchurch Scientific Co.), and the diameter was measured using laser microscopy (Nikon VM-150) at ten cross sections for each tube. The fluids were introduced at a constant flow rate using a syringe pump (Harvard PHD2000). A diaphragm pressure transducer measured static pressure at the entrance of the test tube. The outlet of the test tube was measured to be at atmospheric pressure. The inlet length and the pressure drop are negligible (less than 0.1% in comparison with the net pressure drop). To eliminate the high-frequency pulsation of the syringe pump, elastic cushioning was used. The low-frequency fluctuation of the syringe pump was canceled by averaging the values obtained. Measurements were carried out five times, and then the values were averaged. The density of the BSA solution is assumed to be equal to that of water. In addition, The pressure drop on the Hirec-X1 surface is less than that on the glass surface. The relationship between friction factor and Reynolds number for these results is shown in Fig. 5 . As expected, the results agree well with λ = 64/Re from the Hagen-Poiseuille equation for the non-BSA solution ( Fig. 5 (a) ). Figure 5 (b) shows the results for BSA solution flow. Whereas the results for the glass surface correspond with the theoretical curve from the HagenPoiseuille equation, the friction factors for the Hirec-X1 and PEEK surfaces indicate smaller values than the theoretical curve. Since the Re-λ plots are parallel to the theoretical curve, the friction factors are inversely proportional to Reynolds numbers. Additionally, the average reduction in the friction factor increases proportionally with the water-repellency of the surface as shown in Table 1 . The maximum average reduction is as large as Table 2 Average reductions in friction factor for the pressure drop measurements (percentage) 6 .6%. Figure 6 shows the Re-λ plots for BSA solution flow for different concentrations in the tube with the Hirec-X1 surface. The experimental curves of the friction factors are also parallel to the theoretical curve obtained from the Hagen-Poiseuille equation for all concentrations, and the average reduction depends on the BSA concentration. Table 2 shows the average reductions in the friction factor for the different fluids on the various surfaces. These results demonstrate that the average reduction in the friction factor is strongly related to the surface properties (wettability and roughness) ( Table 1 ) and the BSA concentration (Table 2) . 
Pressure Drop Measurements
Discussion
It is apparent that BSA solutions are Newtonian in the range of these experimental conditions from the rheogram shown in Fig. 3 . The BSA solution flowing inside the Hirec-X1 microtube definitely showed a drag reduction effect, since the error margin for the pressure drop measurement was about 3.9%, and it was smaller than the reduction of 6.6%. In conventional hydrodynamic studies (14) - (17) , the mechanism of drag reduction effect for laminar microflows has been explained in that the local gas-liquid interface on the wall surface generated from entrained and/or soluble gas results in "partial slip". However, the drag reduction reported in this paper is not derived from nanobubbles, because the reduction is not observed on any surfaces for non-BSA, PBS flows. In addition, the hydrodynamic interaction between the biomolecules and the surfaces such as shear lift is not the cause of the drag reduction in this study. In this study, the calculated non-dimensional Peclet number is less than 2 × 10 −8 owing to the small characteristic scale of BSA, whereas Cao and Werely reported the tubular pinch effect emerged at a Peclet number of 1 000. The Peclet number is the ratio of the particle motion following fluid advection to Brownian diffusion. A large Peclet number indicates that the particle aggregation due to shear lift is predominant compared with Brownian diffusion. Actually, the reduction in the friction factor was not observed for BSA solution flow on the glass surface ( Fig. 5 (b) ).
The results show a reduction in the friction factor for BSA solution flow in microtubes with Hirec-X1 or PEEK wall surfaces. This means that certain interactions between BSA and the surface lead to a reduction in the flow. The interactions between flowing substances and the wall surface are generally classified as either hydrodynamic or physicochemical. The physicochemical interaction is considered to be a combination of electrostatic interactions, van der Waals forces, hydrophobic interactions, and hydrogen bonding forces (19) . The physical interaction on the surface can effect on the flow behavior. Actually, the authors have measured the lateral force between BSA molecules and the surfaces using AFM (20) . The results showed that the interaction between BSA and PEEK or Hirec-X1 was weaker than that between BSA and glass. It has also been reported that the interaction between red blood cells and endocapillary cells affects on the depth of the blood plasma layer (6) . The fact that the reduction in the friction factor for flow depends on the surface property and BSA concentration (Figs. 5 (b) and 6) strongly indicates that the interaction between the surface and BSA molecules influences the flow behavior. Based on the results, it is definite that the drag reduction effects reported in this paper are caused by the interaction between BSA and the surface. The interaction might be revealed in microscale flow containing colloidal substances whereas they might be negligible for conventional macroscopic fluid dynamics.
For dispersed colloidal particles in fluid, the chemical potential profile near the surface depends on the wall properties such as zeta electropotential and the coordination number of surface groups (19) . The potential profile determines the distribution profile of the particles. At equi-librium, the particle elevations are distributed according to Boltzmann statistics; histograms of the height can thus be used for mapping the particles' potential energy profile (7) . Therefore, the removal of BSA from the surface because of repulsive chemical potential leads to a decrease in local viscosity near the surface, where shear stress is larger, and results in a small friction factor. In a more apparent boundary and interaction mechanism, it is necessary to clarify the effects of chemical and electrical surface properties, such as the zeta potential and coordination number of the surface group.
For the colloidal suspension flow containing BSA in micro-tubes, the physicochemical interaction between dispersed BSA and the wall surface can influence flow behavior. The drag reduction reported in this paper is not equal to conventionally known effects, which are derived from nanobubbles on wall surfaces and from the tubular pinch effect, but from a new effect. More quantitative evaluation of the drag reduction effect and measurements of the interaction between dispersed particles and wall surfaces are future tasks.
Conclusions
The pressure drop measurement for microtube flow including biomolecules was conducted to evaluate the influence of near-wall surface phenomena. To examine the effects of various surface parameters on the flow resistance of the fluid containing biomolecules, three tubes with surfaces of PEEK, Hirec-X1, and silica were employed. Bovine serum albumin was used as the biomolecule. The results showed the drag reduction effect, which the friction factor was reduced for BSA solution flow on hydrophobic surfaces compared with the theoretical curve from HagenPoiseuille equation. The reduction ratio was up to 6.6%. In addition, it was clarified that the reduction ratio of the friction factor has a proportional relationship to wall wettability and BSA concentration for BSA solution flow.
This effect is not observed for non-BSA flow on any surface. Since the reduction is not observed for flows not containing bio-molecules in any tube or for the BSA solution flow in the glass tube, we conclude that the cause of the reduction is not nanobubbles on the surface or particle aggregation due to shear lift, but rather the interaction between biomolecules and wall surfaces.
